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Transport of large molecules from plasma to interstitial jluid and lymph in dogs. Am. J. predicts graded reduction in permeation with increasing molecular size, reaching zero at a molecular radius equal to that of the hypothetical capillary pore, 40-45 A. A sharp reduction in plasma-lymph transport has been observed by a number of workers for molecules approaching this limit, but in every case molecules larger than the hypothetical pores were also found in lymph. Transport of such large molecules has been suggested as occurring through a small number of large pores or leaks or by a process involving capillary endothelial vesicles, pinocytosis, or cytopempsis (20, 25) . The present investigation examined the plasma-lymph transport of commercially available dextran fractions with molecular weights extending from 1 X lo4 to 5 X 105 (effective hydrodynamic radii approximately 20-l 30 A), covering the range below and above the hypothetical smallpore dimension.
Sucrose (MW 342) was used as a reference for more readily diffusible substances and endogenous serum albumin (radius 35.5 A) as a representative of plasma proteins lying just below the small-pore limit.
Various methods have been proposed for evaluating lymph/plasma (L/P) ratios in terms of capillary permeabilities and pore dimensions ( 16, 18, 20, 32, 40) . Such studies necessarily treat blood-to-lymph transport as a single process although it must proceed in two stages, blood to interstitial space and interstitial space to lymph. Using the popliteal lymph of dogs (prenodal) we studied not only the steady-state L/P ratios of our test substances, but also the kinetics of saturation of the interstitial space from which the lymph drains.
METHODS

Generul. The experiments
were done on mongrel dogs weighing 9-l 3 kg, anesthetized with sodium pentobarbital, 30 mg/kg. Both kidneys were exposed by a retroperitoneal approach and long ligatures were placed around the renal vessels for subsequent occlusion. Popliteal lymphatics on both sides of the lateral saphenous veins in the two hindlegs were cannulated distal to the popliteal lymph node with PE-50 tubing.
The cannulated lymphatics (usually two) from each leg drained into small tared glass tubes containing Na oxalate as anticoagulant.
Lymph flow was calculated as weight difference/collection time. Arterial blood samples were taken from the carotid artery. To promote lymph flow, the paws were moved passively by a rotary device at approximately 100 cycles/min. In eight experiments, venous pressure in one leg was raised 3045 mm Hg by inflating a cuff around the thigh. Venous pressure was monitored with a mercury manometer attached to a cannula in a branch of the lateral saphenous vein In five experiments one paw was heated by wrapping it in insulated electric heating tape. The skin temperature was maintained at 45 & 0.5 C by a thermistor relay. To prevent overshoot, the current through the heating tape was reduced to such a level that the on phase of the cycle was greater than 50%. The temperature was chosen to induce vasodilatation and promote lymph flow but to avoid serious injury to the tissues ( 10, 1 l), Intravenous infusions of test molecules were programed to maintain a constant arterial concentration of the tracers. Data for the program were obtained in preliminary experiments in which single intravenous injections of each tracer were given to dogs with occluded renal vessels, and adjustments were made on the basis of subsequent infusion experiments. When lymph flow became steady, usually 1 hr after cannulation, blank samples of lymph and blood were taken and the renal ligatures were tied. At time zero priming in- The solution contained dextran 10 and sucroseJ4C. The effluent from the popliteal cannula was collected as for lymph and compared with the infusate with respect to volurne and concentration of the two test molecules.
RESULTS
Recovery
of infused fluid from the double cannulated lymphatics was complete, and recoveries of dextran 10 and sucrose were 97 and 99 %, respectively.
This confirms earlier reports of no exchange in transit of lymph through such vessels for these and presumably larger molecules. ratio of concentrations was unity, but all dextrans reached steady-state levels less than that of plasma. Sucrose reached its steady level earlier than all dextran fractions, but there was no clearly discernible relation with the time required to reach the steady level for dextrans of different molecular weight. All reached their steady levels in 4-6 hr. Further description of the kinetics of approach of lymph sucrose and dextran concentrations to be reserved for the discussion. their steady-state levels must Lymph flows and steady-state L/P ratios for serum albumin (RA) and for dextran fractions (R,) of graded molecular weights for 34 successful experiments at spontaneous rates of lymph flow are listed in columns 3-5 of Table 2 . Lymph flows ranged from 0.6 X 10V4 to 9.8 X IO-" ml/set.
RA was inversely related to lymph flow, as shown in Fig. 2 . It is difficult to discern a comparable relation between RD and lymph flow in the data of Table 2,  although these measurements were made simultaneously with serum albumin.
However, relatively few experiments were done with each dextran fraction, and for some fractions the range of spontaneous lymph flow was narrow. RP was inversely correlated with dextran molecular weight. R for D10-3H and Dlo was usually greater than simultaneously measured R A ; R for D~~-xH and Dzo was often close to R A* Our results for both RA and RD are similar to those of Grotte (16) for the dog paw, Jacobsson and Kjellmer (17) for cat skeletal muscle, and Areskog et al. (2) for the dog heart, if allowance is made for the extension of our lymph flows over much wider range and to much higher values per unit weight of tissue than they reported.
If the mass of tissue drained by the cannulated lymphatics in our experiments Lymph flow from four of the five heated paws increased to an average of 6 times (range 1.6-24) that of the control paw, and was fairly well maintained for 4-6 hr. In three of these it was possible to carry out kinetic studies of lymph space saturation.
In all four steady-state R values for dextran and serum albumin were higher than controls, except that in the experiment with greatest flow elevation RA was the same as on the unheated side. In the fifth experiment, flow from the heated leg was not greater than the opposite control, and both appeared normal in all respects. Courtice and Sabine ( 10, 11) reported increased lymph flows from rabbits' paws heated by immersion in water at 45 C, but R values for plasma proteins and lipoproteins were not increased above controls. Exposure to temperatures of 52.5 C and above was required for this effect. It appears that the capillaries of the dog's paw are somewhat more sensitive to those of the rabbit's elevation of temperature than Directly measured tissue distribution volumes of sucrose-14C and two tritiated dextran fractions in skin and subcutaneous tissue of the dog's paw are given in Table 3 . Our value for the sucrose space is less than that reported for rat skin and greater than reported for skeletal muscle (8, 23, 39 where k is a rate constant and t = time. Experimental values of the rate constants for sucrose (ks) and for dextran (k,) were obtained from semilogarithmic plots of 1 -(C&I,,) against time, an example of which is shown in Fig. 3 . A summary of experimental values of kD and k8/kD is given in columns 4 and 5 of 
The D subscripts may represent free or restricted diffusibilties+ We shall assume as a lower limit to the ratio of sucrose and dextran diffusibilities the ratio of their free diffusion coefficients (Table  1) (The V,/Vs ratios are from Table 3 .) The ratio of rate constants is much greater than the ratio VD/Vs predicted for purely convective transport (equation 3) and much less than (V,/V,) X (Ds/D,) (equation 4) for purely diffusive transport.
If diffusion in the interstitial space were restricted with increasing molecular weight, the ratio Ds/DD would be higher in proportion to the restriction, and the discrepancy with experimental k ratios even greater. Tn 
VD/Vs can be obtained with sufficient accuracy for this purpose by interpolation between the measurements made on D10-3E and DI~QH, or extrapolation beyond the latter (see Table 3 and Fig. 4) . For MD/MB we shall substitute the ratio of free diffusion coefficients (DD/Ds) from Table 4 ) was 1.12 X 10m4 ml/set per ml sucrose space equivalent to 2 x 1o-5 ml/set per g tissue, or l-2 % of estimated plasma flow in the dog's paw. Distribution volumes for dextrans vary from 4.2 ml for Dlo to 3.2 ml for Dllo, both larger than VL (2.0 ml (8) where R = lymph/plasma concentration ratio of a large diffusible solute, L = lymph flow, and PS = permeabilitysurface area product of the plasma-lymph barrier.
Individual values of PS for serum albumin calculated from the data are listed in the 7th column of Table 2 . The mean for 34 preparations was 1.44 & 0.13 X 10w4 ml/set. A solid curve corresponding to the mean has been drawn in Fig. 2 . If the average mass of tissue drained by the cannulated lymphatics is 24 g as we have estimated from sucrose distribution volume studies, mean PS for serum albumin is 6.0 X 10m4 ml/set X 100 g.
The PS products for dextran fractions calculated from measured values of L and R according to equation 8 decrease with increasing molecular weight ( Table  2 , column 6). Since there was some variation of (PS)* from one experiment to another, we followed the suggestion of Mayerson and his associates (27) and compared relative permeability of dextran to serum albumin in each series. Our comparison is expressed as the ratio of simultaneously determined PS products :
The surface area term drops out. A graph of PD/PA vs. dextran molecular weight is shown in Fig. 5 to dextran decreases steeply with increasing molecular weight up to about 80,000, and then levels off, remaining roughly constant up to at least 500,000, mol wt the highest we studied. Permeability to dextran of about 20,000 mol wt is the same as to serum albumin (69,000 mol wt). Because of the less compact configuration of its loosely and randomly coiled molecules, dextran of 20,000 mol wt has practically the same free-diffusion coefficient and effective hydrodynamic radius as serum albumin (see Table 1 ). Plasma-lymph transport of both kinds of molecule thus appears to depend on molecular size, rather than on molecular weight. Our conclusions in this respect are in agreement with those of Grotte ( 16) but not with those of Mayerson and his associates (27, 36, 38) or LeBrie (24), who reported equal permeabilities for equal molecular weights. There has been some doubt as to the reliabilitv of the molecular weight characterization of the dextraI; preparations they used (see 13, particular footnote to Table I ). Our molecular weight scale for dextrans depends on the characterization of the material distributed by the manufacturer (see
but those of Grotte, Areskog et al., and Youlten cited above were independently determined.
The characterization of dextrans by gel chromatography is discussed by Granath and Kvist ( 15) We have noted before, however, that this degree of venous congestion was accompanied by an increase in the lymph space (V,) within the paw, calculated from washout kinetics of sucrose and dextran (Table 4 ) If the increase in VL represented an increase in tissue mass from which lymph was collected, PS for serum albumin and dextran would have been increased in proportion to the increase in capillary surface area. Since they were not, it follows that the increased V, must be due to interstitial edema in the congested limb. Landis et al. ( 19) have reported that congestion pressures of 60 mm Hg and higher are required to produce protein leakage from peripheral capillaries in man. In our exceptional experiment with lymph flow 19 times greater in the congested than in the control paw, (PS) A was over 6 times the control level. This may represent an instance of increased susceptibility to elevated venous pressure, but it seems more likely that some other uncontrolled factor was responsible. In the four experiments with elevated lymph flow due to v heating the paw, PS values for serum albumin and dextran fractions were greatly increased : (PS), = 20.6 & 7.1 X lOa ml/set in the hea.ted paws, compared with 1.2 & 0.2 in their paired controls. The increase in (PS)* was, in general, larger than the increase in L or Vs, and thus appears to represent a real increase in capillary permeability and not merely an increase in capillary surface. This interpretation is strengthened by the fact that (PS), for high weight fractions increased much more than (PS) A (Table 5 ), For Dgo , PD/PA in the heated paw was only slightly elevat.ed above controls, despite an eight to tenfold rise in (PS)A . For DsO and Dlso, the increase of (PS)D in the heated paws was several times greater than the increase in (PS) A . Arturson (4) reported that the concentrations of large dextran molecules in lymph collected from dog legs burned by brief immersion in very hot water increased more than the concentions of small dextran molecules, and Courtice and Sabine ( 10, 11) found greater increases in lymph/plasma ratios with increasing molecular size for plasma proteins and lipoproteins in rabbit paws heated to 52.5 C and higher. These observations suggest that transport of different sized macromolecules may involve different pathways. Ca@ary permeability fo large molecules and c@i&ry structure. In the control legs, the fall of (PS), or PD/PA with increasing molecular weight is much steeper than the fall of' freediffusion coeficients up to about 80,000. The decline of freediffusion coeficient for dextrans with increasing molecular weight is represented by the solid line of slope -0.5 in Fig.  5 ( 15) . In the range between 10,000 and 80,000, diffusion of dextran molecules is restricted by approximately sixfold in excess of the threefold reduction in free diffusibility, Above 80,000, however, there is little further restriction.
Figure 6 shows our data for capillary PS to dextran and serum albumin in the dog's paw recalculated per 100 g tissue mass (based on our previous estimate of 24 g as the average mass of tissue drained by the cannulated lymphatics) and plotted against effective molecular radius (Stokes-Einstein).
In addition, the data of Pappenheimer and his associates (20) for various smaller molecules in the cat's leg are given. The two sets of data form a continuous curve. The initial portion is very steep, showing restricted diffusion, followed by a less steeply inclined tail.
The dashed curve which runs off the bottom of the graph approaching 40 A as an asymptotic limit is a theoretical curve of permeability VS~ radius of spherical molecules for a membrane containing a uniform population of circular holes 40 A in radius, with a total cross-sectional area per unit path length of 55 X lo3 cm/100 g (calculated by equation 7.9 in ref 20) m It must be remembered that the test molecules are not necessarily spherical (29) , that ae represents the radii of a sphere of equivalent friction resistance in free diffusion, and that there is currently no adequate theory for restricted diffusion of nonspherical particles. This curve can account satisfactorily for the low-molecular-weight data up to myoglobin or D 10, but even for molecules as small as Dgo or serum albumin the experimental points lie significantly higher. It has long been known that capillary permeability to large molecules extends far beyond the absolute cut-off point for 40 A pores. Two possible explanations of the extension of permeability are a) a second set of larger pores or "leaks" or b) vesicular transport.
Theoretical PS values for a second set of pores can be calculated just as for the first. If the radius of the large pores is taken as approximately 800 A, the curve is of sufficiently small slope between 50 A and 130 A to be drawn through the points representing our data for the six largest molecules in Fig. 6 without going beyond our estimates of experimental error. The PS of this population of pores for a molecule the size of water is 10U2 ml/set X 100 g, which is only l/200 of that of the first set, reflecting a proportionately smaller cross-sectional area (A/Ax E 0.3 X lo3 cm/100 g). Despite their small cross-sectional area and minute contribution to diffusion of water and small molecules, such large pores, if present, would account for a grossly disproportionate fraction of ultrafiltration.
The hydraulic conductivity (KF) of both small-and large-pore systems can be calculated according to Poiseuille's law (20) :
since A is equal to the number of pores multiplied by rr2 for each and Ax is equal to the length of the pore. For the small pores, r = 40 X lOUs cm and (A/Ax), = 55 X 103 cm/100 g. Taking the viscosity of ultrafiltrate at 37 C (q) = 9 X 1 Om3 dynes 9 sec/cm2, this yields KF = 1.2 X 1 Om7 cm5/ dynes X set X 100 g or 0.007 cm3/min X mm Hg X 100 g. For the large pores, r = 800 X 10m8 cm and (A/Ax), = 0.3 X lo3 cm/l00 g. KF must be 2.6 X lOa cm5/dyne X cell long enough to reach equilibrium distribution of solute molecules. lf both vesicle and solute molecules are taken as spheres of radius a and r, rethrough the 40 A pores. Elevation of venous pressure may be expected to increase lymph flow by increasing the excess of filtration, with little direct influence on vesicular transport. As we have observed, the increased lymph flow was not accompanied by an increased PS to serum albumin or to dextran.
In the heated paws, however, PS for large xnolecules presumed to be carried by vesicles only was increased out of proportion to PS for smaller molecules+ This suggests either that vesicular transport may be increased under these conditions or that large pores or leaks are opened. Cotran (9) has reported the appearance of openings as wide as 1~ between endothelial cells in minute vessels of rat skin after brief exposure to temperatures of 54 or 60 C.
spectively, the center of each molecule may fall only within a sphere of radius r -a within the vesicle, and the equili- 
